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We present results on the leveling of polymer microdroplets on thin films prepared from the same 
material. In particular, we explore the crossover from a droplet spreading on an infinitesimally thin 
film (Tanner's law regime) to that of a droplet leveling on a film thicker than the droplet itself. In 
both regimes, the droplet 's excess surface area decreases towards the equilibrium configuration of a 
flat liquid film, but with a different power law in time. Additionally, the characteristic leveling time 
depends on molecular properties, the size of the droplet, and the thickness of the underlying film. 
Flow within the film makes this system fundamentally different from a droplet spreading on a solid 
surface. We thus develop a theoretical model based on thin film hydrodynamics that quantitatively 
describes the observed crossover between the two leveling regimes. 



If a liquid droplet is deposited onto a smooth solid sur- 
face with a relatively high surface energy, the droplet will 
spread. Several decades ago, it was shown that the height 
of the droplet decreases in time as do ~ £ -1 / 5 if surface 
tension is the dominant driving force [TUTU]. Interest- 
ingly, this so-called Tanner's law is valid for any simple 
liquid that wets a surface. The reason for this universal- 
ity is that a precursor film emerges ahead of the bulk of 
the droplet [5j [TOHTT] which consumes the excess surface 
energy of the solid. The spreading of the droplets that 
follows the formation of the precursor film is driven by 
the excess surface area of the nonflat liquid; in essence 
the droplet is spreading on a thin film of itself. How- 
ever, as we show here, the power law changes if a droplet 
spreads on a thicker film that is already present. Specif- 
ically, a range of powers can be observed, depending on 
the precise thickness of the underlying film in compari- 
son with the size of the droplet, with Tanner's law being 
a limiting case. 

A simple example of a process in which the underly- 
ing precursor thickness changes is that of spraying liquid 
(e.g. paint) onto a wetting surface [18]. The first drops of 
sprayed paint spread according to Tanner's law [4 , much 
like the sequence shown in Fig. [TJa). After the paint 
droplets have coalesced on the solid surface, a thin film of 
wet paint will have formed. Due to surface tension, new 
droplets that are deposited will spread on the thin paint 
film. The layer of paint deposited in the spray painting 
process will eventually become thicker than the precur- 
sor film (typically 0.1 to 10 nm thick [10 j) in Tanner's 
law spreading. Thus, in addition to the flow within the 
droplet, we must also consider the flow within the film; 
this is the situation depicted in Fig.[TJb). Comparison of 
the length and time scales in Fig. [T] clearly demonstrates 
that for every subsequent layer of wet paint that is de- 
posited, the characteristic leveling time of the droplet will 
change. This time scale will depend on the height of the 
underlying film and the droplet size. 
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FIG. 1. Optical microscopy images of silicone oil droplets 
and their reflection, spreading on a thin film of the same oil. 

(a) Droplet spreading on a film with thickness e ~ 0.2 um. 

(b) Droplet spreading on a film with thickness e ^ 22 um. 
The times between the first and last images are ~ 45 and 
~ 1 min; and the scale bars are 100 and 250 um, respectively, 
in (a) and (b). 



Small liquid droplets atop identical thin films have 
been studied computationally [I4j [I5j [19] . Molecular dy- 
namics simulations have investigated polymer droplets 
spreading on glassy and liquid polymer substrates of 
varying molecular weights [19]. It was found that if 
the polymer droplet and the liquid polymer film are 
of a different molecular weight, the droplet simultane- 
ously spreads and interpenetrates the polymer film. In 
addition, these molecular dynamics simulations clearly 
demonstrated a difference between droplets spreading on 
a glassy and liquid substrate. In other studies, various 
spreading laws were found for liquid droplets spreading 
on an imiscible liquid [20H22] . Here, we will see that the 
spreading law can vary even for a droplet spreading on an 
identical film, the key parameter being the aspect ratio 
between the drop height and the film height do/e. 

It is the difference between spreading on a thick versus 
a thin film that is the focus of this Letter. We develop an 
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FIG. 2. (a) Initial geometry: a spherical cap with radius of 
curvature r c and height do(0) atop a thin film of identical 
material with height e supported on a Si substrate, (b) AFM 
line profile d(r, 0) of a PS droplet on a thin PS film (e = 
201 nm) before heating (t — 0) as a function of the distance 
r to the center of the droplet, (c) AFM profile d(r, t) for the 
same droplet after heating at 180° C for t — 20 min. The inset 
shows the same data as in (c) with d and r ranges chosen to 
emphasize the dip in the film surface at the periphery of the 
droplet. 



understanding of the crossover from Tanner's law spread- 
ing to the case of a droplet leveling on a film of the same 
liquid that is relatively thick. Specifically, we investigate 
how the dynamics of droplet spreading depends on the 
aspect ratio. The physics is both general and ubiquitous, 
from the spreading of a droplet of rain on a wet road, to 
the leveling of a droplet of paint. 

The images in Fig.[l]show the leveling of 100 000 cs sili- 
cone oil droplets (polydimetylsiloxane, Petrarch Systems 
Inc., USA) with initial radius of curvature r c ~ 1 mm. 
Underlying films were made by spin casting the oil di- 
rectly onto Si substrates. Droplets of the same oil were 
deposited onto the film and images were obtained using 
a simple contact angle measurement set-up. Since the 
silicone oil is liquid at room temperature, it is difficult to 
control precisely the initial height profile of droplets on 
films prepared in this way. 

An ideal initial sample geometry is that of a spherical 
cap atop a thin film of an identical liquid shown schemat- 
ically in Fig. [2|a). Samples with such a geometry were 
prepared using polystyrene (PS), which has a glass transi- 
tion T g ~ 100° C. The weight averaged molecular weight 
of the PS was M w = 118 kg/mol with a polydispersity 
index of 1.05 (Polymer Source Inc., Canada). PS dis- 
solved in toluene was spin cast onto thin sheets of freshly 
cleaved mica (Ted Pella Inc., USA). The resulting films 
were ~ 100 nm thick. Thin films of the same PS in 
toluene with various concentrations were spin cast onto 
10 x 10 mm 2 Si substrates. The films on the Si substrates 
ranged in thickness from e ~ 50 nm to 2000 nm as mea- 
sured by ellipsometry (EP3, Accurion, Germany). The 
PS films on mica were placed in a saturated toluene atmo- 
sphere. The PS, which is well below the glass transition 



at room temperature, absorbs toluene, becomes liquid, 
and readily dewets from the mica substrates. The result- 
ing droplets ranged in size, with typical r c ~ 100 pm and 
height do(0) ~ 1 pm. Both the droplets on mica and the 
thin films on Si were annealed in vacuum (10 -5 mbar) 
for 24 h at 150° C, which is well above T g . The annealing 
is much longer than the longest relaxation time for the 
polymer used, removes residual solvent, and forms PS 
spherical caps on the mica substrate with contact angle 
less than 15° as measured with atomic force microscopy 
(AFM, Veeco Caliber); see Fig.^b). 

At room temperature, with PS in the glassy state, the 
entire mica sheet was dipped into clean water (Milli Q, 
18.2 Ml] cm) and droplets floated atop the surface due 
to the hydrophobicity of PS. The film of PS on Si was 
skimmed across the surface of water containing the float- 
ing droplets. Droplets were thus picked up by the PS film 
resulting in the desired sample configuration as shown in 
Fig. [2|a). With this sample preparation, we were able to 
easily control the initial aspect ratio of the system, which 
had a range of 0.1 < do(0)/e < 100. Though we focus 
here on the simplest symmetric system for the droplet 
and film, polymers of different M w , or different chemical 
composition can also be prepared. 

To observe droplet leveling, the samples were rapidly 
heated to 180° C, well above T gi on a heating stage 
(Linkam, UK). All experiments with PS were performed 
using optical microscopy in reflection (Olympus, USA) 
and illuminated with a red laser line filter (A = 632.8 nm, 
Newport, USA). Images were obtained for 1 to 17 h, de- 
pending on the initial aspect ratio. Once PS is in the 
melt state, the Laplace pressure acts to reduce the cur- 
vature gradients and the droplet levels (see video in the 
supplemental material [23]). 

Initially, at the contact line where the spherical cap 
meets the PS film, there is a high negative radial cur- 
vature. This curvature is sharpest prior to heating, as 
can been seen in the AFM line profile shown in Fig. |2|b) , 
where the droplet profile d(r, 0) is shown as a function of 
the radial position r from the centre of the droplet. The 
pressure gradients result in a dip around the circumfer- 
ence of the drop [Figs. [TJb) and^c)]; similar features 
appear in the relaxation of stepped surface profiles [24] 
and were predicted in droplets on films by Tanner [4] . At 
early times, the curvature gradients are strongest near 
the dip, and this region dominates the flow. At later 
times, the curvature at the top of the droplet dominates 
and the entire droplet levels. In the present Letter, we 
describe in detail this latter stage of droplet leveling. 

Figures [I] and [2] illustrate the role of the underlying 
film. A droplet with a large height do i n comparison to 
the film thickness e, spreads much like Tanner's wetting 
droplet [see Fig.^a)]. In this case the infinitesimal film 
is like a precursor film. In contrast, a droplet on a film 
that is thicker spreads in a way that is qualitatively dif- 
ferent. From Figs.[TJb) and|2|c) it is clear that the liquid 
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FIG. 3. (a) Time series (~5 h elapsed time) optical 
microscopy images showing the Newton rings of a droplet 
spreading on a film with e = 112 nm (10 um scale bar), (b) 
Intensity at the centre of the droplet as a function of time, 
(c) Temporal power-law decrease in droplet height for two 
independent droplet experiments. 



surface of the film is perturbed well beyond the position 
of the initial contact line. Furthermore, the characteris- 
tic leveling times in Fig. [I] are vastly different: though in 
the first frames shown the droplet heights differ by only 
a factor of ~ 3, the time scales in the sequence vary by 
a factor of ~ 50. 

We now turn to a full description of the experiments 
using; PS droplets on PS films. In Fig. ga) we show op- 
tical microscopy images of a droplet spreading over ~5 h 
of annealing. Newton rings are observed as a result of 
interfering monochromatic light reflecting from both the 
air-PS and PS-Si interfaces. The intensity J(r, t) changes 
periodically with total height h(r, t) with respect to the 
substrate, as described by the optical thin film equa- 
tions [25 . We monitor the change in the intensity at the 
centre of the drop with time, as seen in Fig.[3jb), and de- 
termine the central height h(0,t) [26]. Figure [3jc) shows 
do(t) = d(0,t) = h(0,t) — e for two independent droplet 
leveling experiments with different aspect ratios, do/e. 
Comparing the two experiments, we observe that the long 
time data can be described by two different power laws. 
If the droplet height is large in comparison to the film 
(triangles), we observe a spreading law that approaches 
Tanner's law: do ~ t~ r \ with n = 0.22 « 1/5. In the 
limit do/e — >• oo, the thin film is thus identical to the 
precursor film of a Tanner's law droplet. On the other 
hand, when do/e is small (squares), we observe spread- 
ing with a stronger time dependence than Tanner's law, 
characterized by do ~ t~ n with n = 0.38 > 1/5. The 
system evolves faster when the film height is larger. 

In the following, we derive a theoretical model in or- 
der to unify the experimental results in all regimes. First, 
since the height scale is small compared to typical radial 



scales, the lubrication approximation [6] [27] [28] can be 
used. Second, the droplet leveling is driven by gradients 
in the Laplace pressure. This pressure is proportional 
to both the surface tension, 7, at the air-fluid interface, 
and the two principal curvatures. The height scales in- 
volved in these experiments allow us to neglect the hy- 
drostatic [6] [29] and disjoining pressures [30] [31]. Third, 
since we consider a highly viscous fluid with viscosity, 
77, it is reasonable to use the Stokes equation to connect 
the local velocity and pressure. Finally, we assume in- 
compressibility of the flow. Therefore, according to the 
cylindrical geometry of the system studied, the capillary 
driven thin film equation 
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describes the evolution of the total height of the free in- 
terface: /i(r, t) = e + d(r, t). In addition, we assume that 
the underlying film of constant thickness e is infinite in 
lateral extent. Compared to the analysis of [32] [33], the 
geometry of our system requires us to retain the last two 
terms in Eq. 0. 

We nondimensionalize the problem through: D = d/e, 
Do = do/e, R = r/e, R c = r c /e and T = jt/(3r)e), and 
we assume the existence of self-similar solutions of the 
second kind of the form l34l: 



D(R,T) = D (T)F(U) , 



where 
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This particular horizontal scaling is analogous to the one 
proposed in [33], except that we take into account the 
time dependence of the typical height through Dq(T). 
Note that this scaling is not valid at early times for the 
reason given above: the short time dynamics is governed 
by the radial curvature at the edge of the droplet. In 
the following, we assume that such a self-similar solution 
is reached after a certain time depending on the initial 
geometry. The self-similarity has been experimentally 
verified using AFM profiles such as the one in Fig. [2jc). 

The additional volume V with respect to the volume 
of the underlying film is constant by incompressibility, 
and equals V = 2ire 3 / °° dR R D(R,T). Using Eqs. ^ 
and ([3| we get the time evolution of the droplet height 
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The characteristic leveling time, r, is given by 
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FIG. 4. Plot of the droplet-film aspect ratio as a function of 
the renormalized time defined by Eq. |5]). The plot contains 
35 experiments with PS droplets (squares, various colours) 
as well as the curve corresponding to the model of Eq. (4t 
(red solid line). The Tanner limit (do ^> e) and thick film 
limit (d <C e) are shown with dashed lines. Grey diamonds 
correspond to the data for the silicone oil droplet experiment 
from Fig. [I] 
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is a geometrical factor depending only on the dimension- 
less height .Do(O) and radius of curvature R c of the initial 
spherical droplet. If we examine the limits of Eq. Q, 
we find that for do ^> e Tanner's law is recovered [36 : 
do ~ t -1 / 5 . In contrast, for d « e we get do ~ t~ x l 2 \ 
the model predicts that a droplet of a given size will level 
faster on a thicker film, in accordance with the simple ob- 
servations made for the silicone oil droplet sequences in 
Fig. [j] and the PS data in Fig.^c) [37]. 

To test the model prediction of Eq. Q , we performed 
35 independent droplet leveling experiments of the type 
shown in Fig. fusing PS. For each experiment the initial 
aspect ratio do(0)/e and volume V were different. The 
evolution of do was then compared to Eq. Q. For each 
sample, we determine V using the optical microscopy im- 
ages, and e as described above. In addition, we measure 
7/77 = 3.2 um/s using the stepped film analysis of [35] . 
Therefore, a in Eq. ([6| is the only adjustable parameter 
in a fit to Eqs. Q and We find experimentally that 
4 < a < 15 for the studied samples and that a varies 
monotonically with the aspect ratio. Using the exper- 
imentally determined aspect ratio and radius of curva- 
ture, we also calculate a from numerical solutions to the 
nonlinear partial differential Eq. [38[ [39] . The exper- 
imentally and numerically determined values agree and 
both the spread and trend observed are consistent with 
the theory. The results of all PS droplet leveling exper- 
iments in this study are plotted in Fig. [4] where it can 
be seen that the data accesses 12 orders of magnitude in 
scaled time [37] . Moreover, the result clearly shows that 
the droplet leveling dynamics depends sensitively on the 



aspect ratio of the system through the flow in the under- 
lying film. 

Since the previous model assumes only that the level- 
ing is driven by the Laplace pressure and that the thin 
film equation applies, the result has to be general and 
should hold for any thin and nonvolatile viscous fluid. To 
test this statement, the preliminary silicone oil data from 
Fig. [l] was added to the master plot in Fig. [4] (diamonds) . 
In comparison to the experiments with PS droplets, the 
oil is 2 orders of magnitude less viscous and the character- 
istic length scales 2 orders of magnitude larger; neverthe- 
less, both the silicone oil and PS data collapse, consistent 
with the theoretical prediction. 

In this Letter, we have presented our work on the level- 
ing of a viscous droplet on a film of the same liquid. It was 
found that the spreading law is controlled by the aspect 
ratio of the droplet height to the film height. To describe 
this spreading dependency, we developed a model based 
on a Laplace pressure driven viscous flow. The model 
predicts a crossover in the power law of spreading from 
the do ^ e Tanner regime, with do ~ £ -1 / 5 , to the case 
of do <C e for a droplet leveling on a thicker film, with 
do ~ t~ x l 2 [36]. The model has been verified by experi- 
ments carried out using PS and silicone oil droplets, with 
initial aspect ratios ranging from do(0)/e ~ 0.1 to 100. 
The crossover from Tanner's law spreading to droplets 
leveling on films is a general result that holds for any 
nonvolatile fluid in the thin film geometry. 
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